The import of proteins containing the peroxisomal targeting signal 1 (PTS1) into the Leishmania glycosome is dependent on the docking of the PTS1-loaded LdPEX5 cytosolic receptor with LdPEX14 on the glycosome surface. Here we show that, in the absence of PTS1, LdPEX5 is a tetramer that is stabilized by two distinct interaction domains; the first is a coiled-coil motif encompassing residues 277 to 310, whereas the second domain is localized to residues 1 to 202. By using microcalorimetry, surface plasmon resonance, and size exclusion chromatography techniques, we show that PTS1 peptide binding to LdPEX5 tetramers promotes their dissociation into dimeric structures, which are stabilized by a coiled-coil interaction. Moreover, we demonstrated that the resulting LdPEX5-PTS1 complex is remarkably stable and exhibits extremely slow dissociation kinetics. However, binding of LdPEX14 to LdPEX5 modulates the LdPEX5-PTS1 affinity as it decreases the thermodynamic dissociation constant for this latter complex by 10-fold. These changes in the oligomeric state of LdPEX5 and in its affinity for PTS1 ligand upon LdPEX14 binding may explain how, under physiological conditions, LdPEX5 can function to deliver and unload its cargo to the protein translocation machinery on the glycosomal membrane.
The human protozoan pathogen Leishmania represents evolutionary ancient organisms that diverged early from the eukaryotic cell lineage. In addition to a number of unique biochemical and metabolic features, these parasites contain glycosomes, a microbody organelle that is evolutionarily related to the peroxisomes (41, 42) , which compartmentalize a multitude of indispensable pathways. These include glycolysis, purine salvage, pyrimidine and ether-lipid biosynthesis, and ␤-oxidation of fatty acids (41, 20) . A number of studies have demonstrated that the correct targeting of proteins to the glycosome is crucial for parasite viability, especially in the case of glycolytic enzymes (2, 3, 27) . Consequently, the glycosome biogenesis machinery has attracted considerable attention as a potential drug target since chemotherapeutic agents that disrupt or block the import of proteins into the glycosome impair multiple biosynthetic and energy-producing pathways in these parasites (52, 23) .
Glycosomal matrix proteins, such as the peroxisome, are encoded by nuclear genes and are synthesized by cytosolic polyribosomes. Proteins destined for these microbody organelles are sorted on the basis of two major classes of topogenic sequences known as peroxisomal targeting signal 1 (PTS1) and PTS2. PTS1 is the most commonly occurring targeting signal. It consists of a C-terminal tripeptide with the sequence Ser-Lys-Leu (SKL) or Ala-Lys-Leu (AKL) or variants thereof (4, 36) . PTS2 is a more degenerate signal comprised of an N-terminal nonapeptide with the motif R/K-L/I/ V-X 5 -H/E-A/L located within the first 20 to 30 residues of a protein (54) . Analogous signal sequences are used for the targeting of proteins to the glycosomes of Leishmania spp. (51) and Trypanosoma brucei (4) . In peroxisomes, nascent polypeptides containing the PTS1 or PTS2 signals are selectively bound by the cytosolic receptor proteins peroxin 5 (PEX5) or PEX7, respectively (46, 54) . These cargo-laden receptor complexes move to the peroxisomal membrane surface, where they interact with a docking complex containing the membrane proteins PEX13 and PEX14, hence facilitating translocation across the peroxisomal membrane (47) . Studies in yeast and mammalian cells suggest that translocation of PTS1 proteins into the peroxisome involves cycling of PEX5 between the cytosol and the peroxisome matrix (12, 16) . PEX5 import into the peroxisome may be required to unload the PTS1 ligand (56) . Whether glycosome biogenesis in kinetoplastids involves a similar cycling of the Leishmania donovani PEX5 (LdPEX5) and T. brucei PEX5 (TbPEX5) is unclear (15, 29) . Subcellular fractionation experiments have shown that the bulk of LdPEX5 and TbPEX5 is cytosolic. However, a small portion of them (5 to 10%) sediments with the glycosomes. Whether this fraction of protein is surface associated or present in the glycosomal compartment has not been established.
LdPEX5, like other PEX5 homologues, is a bidomain protein. The C-terminal half of PEX5 is composed of six to seven tetratricopeptide repeats (TPRs) that adopt helical hairpin structures that cluster together to form the PTS1-binding pocket (21, 24, 29, 50) . The N-terminal region of LdPEX5 appears to mediate diverse intramolecular and/or intermolecular interactions being important for PTS1 protein import (47) . Mapping studies have demonstrated that the N-terminal region of LdPEX5 contains critical sequence elements required for interaction with PEX13 and PEX14 (1, 6-8, 18, 19, 22, 30, 44, 55) . Mutagenesis and biochemical experiments have further established that interaction of PEX5 with the peroxisomal/glycosomal translocational machinery in human, Sac-charomyces cerevisiae, plant, and T. brucei systems is, at least, mediated by the motif WXXXY/F conserved in all PEX5 proteins (6, 8, 40, 45, 49) . In LdPEX5, however, this diaromatic motif does not appear to be required for interaction with LdPEX14 since LdPEX5 mutants in which these motifs have been sequentially mutated or deleted did not affect the LdPEX5-LdPEX14 interaction (K. P. Madrid and A. Jardim, submitted for publication).
In the absence of PTS1, the Leishmania (29) , human (50) , and Hansenula (5) PEX5 is known to form a tetrameric structure. Deletion mutagenesis experiments have shown that fragments of the human PEX5 encompassing residues 1 to 251 form tetramers. In contrast, the N-terminal fragment of the Leishmania PEX5, corresponding to residues 1 to 391, forms large soluble complexes with a mass Ͼ2 MDa (29) . Whether the oligomeric state of PEX5 is important for its function in the sorting and import of newly synthesized protein from the cytosol to the peroxisome and/or glycosome has not been previously demonstrated. Recent studies by Boteva et al. (5) have shown that the Hansenula PEX5 undergoes a tetramer-tomonomer dissociation in acidic environment. These authors suggested that this process may be important for the release of PTS1 proteins in the peroxisome matrix. However, whether a similar mechanism is at play in mammalian peroxisome or Leishmania glycosome biogenesis is unclear.
Numerous studies have established that PEX5 not only interacts with PEX13 and PEX14 but also regulates the PEX13-PEX14 association (22, 45, 55) . Several reports have suggested that the PTS1 ligand may participate in controlling these oligomeric interactions. Indeed, in vitro binding studies revealed that PTS1 actively enhances and decreases the affinity of PEX5 for PEX14 and PEX13, respectively (44, 55) . These observations have led to a model suggesting that these opposite effects may facilitate the release of PTS1 proteins at the inner surface of peroxisome and may enhance PEX5 recycling to the cytosol in association with PEX13 (44) . However, the effect of PEX14 or PEX13 on the PEX5-PTS1 affinity has not been extensively investigated.
It is known that a pivotal first step in the translocation of protein across the peroxisomal membrane is dependent on PTS1-bound PEX5 interactions with PEX13 and PEX14. Furthermore, mutations that alter the cellular levels of PEX14 are detrimental to peroxisome biogenesis and lead to the accumulation of PTS1 and PTS2 proteins in the cytosol (47, 54) . PEX14 is also a vital factor for glycosome biogenesis. Creation of PEX14 functional mutants in T. brucei by using an RNA interference strategy resulted in a conditional lethal phenotype (23) . Analysis of protein targeting in these mutants revealed that both PTS1 and PTS2 proteins accumulated in the cytosol, suggesting that TbPEX14 likely functions as a convergence point for TbPEX5 and TbPEX7 in protein translocation into the glycosome (39) .
In the present study, we show that the LdPEX5 tetramer is composed of a dimer of dimers that dissociates upon binding to PTS1 ligand. Moreover, we demonstrate that these dimers are stabilized by a coiled-coil motif and that assembly of these dimers into a higher-order tetramer is stabilized by a second interaction domain that is localized to the first 202 residues. Here we also report that LdPEX5 and PTS1 form a highaffinity and stable complex that exhibits a slow dissociation rate. However, when LdPEX14 binds to LdPEX5, the association affinity between LdPEX5 and PTS1 is decreased 10-fold. These oligomeric changes may explain how, under physiological conditions, LdPEX5 can function to deliver and unload its cargo to the protein translocation machinery on the glycosomal membrane.
MATERIALS AND METHODS
Expression and purification of recombinant XPRT, LdPEX14, and LdPEX5 proteins. The L. donovani xanthine phosphoribosyltransferase (XPRT) was overexpressed in low-phosphate buffer by using Escherichia coli S609 cells transformed with pBAce-XPRT vector, and the enzyme was purified by ion-exchange chromatography as previously described (28) . LdPEX14 containing an N-terminal hexahistidine and S tags was overexpressed by using E. coli ER2566 strain transformed with the pET30b(ϩ)-LdPEX14 construct, and the protein purified on Ni 2ϩ -nitrilotriacetic acid resin as described previously (30) . Expression and purification of the His 6 -CT-ldpex5 was performed as described previously (29) .
LdPEX5 was expressed as a C-terminal fusion protein by cloning the LdPEX5 open reading frame into the NdeI/NotI sites of the pTYB12 vector (New England Biolabs) in frame with a chitin-binding domain, generating the pTYB12-LdPEX5 expression construct. The expression construct for the internal deletion mutant ldpex5 ⌬269-291, which lacks residues 269 to 291, was generated by digesting pTYB12-LdPEX5 with the endonuclease AatII (New England Biolabs) to drop out a 60-bp AatII fragment, treating the linearized plasmid with T4 DNA polymerase (Invitrogen) in the presence of 0.1 mM dTTP (Invitrogen) for 30 min at 20°C, and religating the construct with T4 DNA ligase. The pTYB12-ldpex5 1-202, for expression of an ldpex5 fragment encompassing residues 1 to 202, was constructed by cloning the LdPEX5 NdeI/EcoRI fragment into the corresponding sites of the pTYB12 vector. The pTYB12-ldpex5 268-303 vector for expression of the peptide encompassing residues 268 to 303 of LdPEX5 was constructed by cloning a PCR fragment encoding these residues into the NdeI/EcoRI sites of the pTYB12 plasmid. All expression constructs were verified by automated DNA sequence analysis.
Cultures of E. coli ER2566 transformed with pTYB12-LdPEX5, pTYB12-ldpex5 ⌬269-291, or pTYB12-ldpex5 1-202 were grown to an optical density at 600 nm of ϳ1.2 in Luria broth supplemented with 50 g of ampicillin/ml and induced for 5 h at 20°C with 0.5 mM IPTG (isopropyl-␤-D-thiogalactopyranoside). Cell pellets were suspended in 30 ml of buffer (20 mM Tris-HCl [pH 8.0]) containing a protease inhibitor cocktail and lysed with two passes through a French press. NaCl was added to the lysates to a final concentration of 500 mM and clarified by centrifugation at 14,000 rpm for 30 min at 4°C. Supernatants were loaded onto a chitin resin column (2.0 by 5.0 cm) (New England Biolabs) equilibrated with 40 mM Tris-500 mM NaCl (pH 8.0) (TS buffer) at 4°C at a flow rate of 0.5 ml/min. The column was washed with 100 ml of TS buffer and then rinsed with two column volumes of TS buffer containing 50 mM dithiothreitol (DTT). The resin was resuspended in 1.5 column volumes of TS buffer with 50 mM DTT, followed by incubation for 48 h at 4°C to promote protein splicing of the chitin-binding domain-LdPEX5 fusion protein. LdPEX5 was eluted with two column volumes of 40 mM Tris-HCl (pH 8.0)-500 mM NaCl, concentrated by using a 5 NMWL centrifugal filter unit (Millipore), quantified by the method of Gill and von Hippel (26) , and frozen in aliquots at Ϫ80°C.
To purify the ldpex5 268-303 fragment, the peptide was cleaved from the fusion partner with 50 mM DTT in 40 mM Tris-HCl (pH 8.0) at 4°C for 48 h. The eluate was applied to a Q Sepharose column (1 by 5 cm) equilibrated with 40 mM Tris-HCl (pH 8.0) to remove the DTT, and the peptide was eluted with 10 column volumes of 0.1% trifluoroacetic acid. Fractions containing peptide were concentrated by lyophilization. Peptide purity was assessed by reversed-phase high-pressure liquid chromatography on a C 8 column developed with a 0.1% trifluoroacetic acid-acetonitrile chromatography system. The integrity of the peptide was determined by mass spectroscopy on a Ciphergen IIc instrument with dihydroxybenzoic acid as the matrix. The observed mass of the peptide was 4,514 Da.
LdPEX5-XPRT interactions. High-binding flat-bottom 96-well microtiter plates (Perkin-Elmer, Meriden, Conn.) were coated with 1 g of purified XPRT/ well in 100 l of PBS (pH 8.0) for 16 h at 4°C. Unbound protein was removed by two washes with PBS, and plates were blocked with 200 l of 2% milk powder in PBS for 45 min at 20°C. Plates were washed with PBS-0.05% Tween 20 and then incubated for 2 h at 20°C with various concentrations of LdPEX5 (0.4 to 850 nM) diluted in 100 l of PBS-0.05% Tween 20-2% adult bovine serum (ABS) in the absence or presence of 4 g of His 6 -S-LdPEX14. Unbound protein was removed by three washes with 200 l of PBS-0.05% Tween 20 and bound LdPEX5 was 7332 MADRID ET AL. MOL. CELL. BIOL. quantitated by indirect enzyme-linked immunosorbent assay (ELISA) with LdPEX5-specific rabbit antisera (1:5,000) and goat anti-rabbit horseradish peroxidase-conjugated secondary antibody (1:5,000) (Sigma) diluted in PBS-0.05% Tween 20-2% ABS.
For control experiments designed to determine whether the binding of LdPEX14 to LdPEX5 alters the ability of anti-LdPEX5 antibodies to bind LdPEX5, wells were coated with 1 g of LdPEX5 in 100 l of PBS for 16 h at 4°C. Unbound LdPEX5 was removed, and wells were blocked with 200 l of 1% milk powder in PBS. Sets of triplicate wells were incubated with increasing concentration of LdPEX14 (0.8 to 800 nM) diluted in PBS-0.05% Tween 20-1% ABS or dilution buffer alone for 2 h at 20°C. Wells were washed five times with 300 l of PBS-0.05% Tween 20 to remove unbound LdPEX14. A 100-l portion of a 1:5,000 dilution of anti-LdPEX5 antisera was added to each well, followed by incubation at 20°C for 1 h. The amount of primary antibody bound to LdPEX5 was measured by using a goat anti-rabbit horseradish peroxidase-conjugated secondary antibody (1:5,000) diluted in PBS-0.05% Tween 20-2% ABS.
For LdPEX5-LdPEX14 and ldpex5 ⌬269-291-LdPEX14 interaction assays, microtiter plates were coated with 1 g of His 6 -S-LdPEX14/well in 100 l of PBS for 16 h at 4°C. Unbound protein was removed, and plates blocked with 200 l of 2% milk powder in PBS for 45 min at 25°C. Microtiter plates were rinsed and incubated with increasing concentrations of LdPEX5 or ldpex5 ⌬269-291 proteins (0.4 to 860 nM) diluted in 100 l of 2% ABS-0.05% Tween 20-PBS for 2 h at 25°C. Bound LdPEX5 or ldpex5 ⌬269-291 was quantitated as described above.
ELISAs were developed by using ABTS [2,2Јazinobis(3-ethylbenzthiazolinesulfonic acid)] as the chromogenic substrate. Color development was measured on a Benchmark microplate reader (Bio-Rad) at 405 nm, and the data were analyzed by using ORIGIN 7.0 software (Microcal Software, Northampton, Mass.).
Gel permeation chromatography analysis of LdPEX5. Gel permeation chromatography was performed on Beckman-Coulter System Gold equipped with a Bio-Sil SEC 450-5/Bio-Sil SEC 250-5 column (7.8 by 150 mm or 7.8 by 300 mm) or a Bio-Sil SEC 250-5 column Peptide synthesis. The synthetic peptide CNDRYRDLRHILILRDGEAT RYPAKL (AKL peptide) corresponding to the C-terminal 26 residues of the L. donovani XPRT was synthesized with an N-terminal cysteine to facilitate covalent coupling. This peptide was synthesized at the Protein Microchemistry Centre at the University of Victoria by using a Leucine Pam resin and Fmoc (9-fluorenylmethoxy carbonyl)-HOBT chemistry. Peptide was cleaved from the resin by using trifluoromethanesulfonic acid and purified by C 18 reversed-phase chromatography using a 0.1% trifluoroacetic acid-acetonitrile system. Sequence of the purified peptide was confirmed by matrix-assisted laser desorption ionizationtime of flight mass spectroscopy.
Circular dichroism analysis. Lyophilized ldpex5 268-303 peptide was dissolved in 20 mM sodium phosphate (pH 7.2)-100 mM NaCl buffer or 20 mM sodium phosphate (pH 7.2)-100 mM NaCl-50% trifluoroethanol at a concentration of 1 mg/ml. The secondary structure of ldpex5 268-303 was determined with a JASCO 710 spectropolarimeter. Spectra were recorded from 260 to 200 nm in a 0.1-cm quartz cuvette at room temperature. The helical content of the peptide was calculated from the molar ellipticity at 222 nm by the method of Wu et al. (57) .
ITC analysis of LdPEX5-PTS1 interaction. Isothermal titration calorimetry (ITC) experiments were performed at 30°C with a MicroCal VP-ITC isothermal titration calorimeter (MicroCal, Northampton, Mass.). The reference cell was filled with degassed 20 mM sodium phosphate (pH 7.5)-120 mM NaCl-3 mM ␤-mercaptoethanol buffer (SSM buffer), and the 1.43-ml sample cell was filled with a degassed 60 M solution of LdPEX5, His 6 -CT-ldpex5 or ldpex5 ⌬269-291 diluted in SSM buffer. Typically, 30 to 40 5-l injections of 1.0 mM AKL peptide in SSM buffer were performed at 6-min intervals, and the enthalpy (⌬H 0 ), stoichiometry of binding (n), and dissociation constant (K d ) was determined by using ORIGIN 7.0 software. SPR analysis. All surface plasmon resonance (SPR) experiments were performed on a Biacore 3000 Instrument (Biacore, Inc., Piscataway, N.J.). The amine coupling kit containing N-hydroxysuccinimide (NHS) and N-ethyl-NЈ-(3dimethylaminopropyl) carbodiimide hydrochloride (EDC), 2-(2-pyridinyldithio-)ethaneamine hydrochloride (PDEA), and PIONEER sensor chips CM4 were purchased from Biacore. SPR experiments were carried out at 25°C. The data collection rate was set to 10 Hz. The running buffer was HEPES-buffered saline (HBS; 10 mM HEPES, 150 mM NaCl, 3 mM ETDA, 0.005% Tween 20 [pH 7.5]). LdPEX5, ldpex5 ⌬269-291, and His 6 -CT-ldpex5 proteins were dialyzed against HBS (which was also used for all dilutions) in order to minimize changes in bulk refractive index upon sample injection.
All steps in the immobilization process were carried out at a flow rate of 5 l/min. The AKL peptide was immobilized on two surfaces of CM4 sensor chips by using the standard ligand thiol coupling procedure and AKL peptide (10 mM, pH 2.0) freshly dissolved in 10 mM acetic acid (pH 4.0) to a final concentration of 1 mM. AKL injections were manually controlled to couple ϳ10 and ϳ100 resonance units (RUs). A control surface was prepared similarly by replacing AKL peptide by a running buffer injection (10-l injection).
Steady-state analysis of LdPEX5-PTS1 interaction by SPR. Experiments were conducted at a flow rate of 20 l/min, except for the His 6 -CT-ldpex5 injections for which the flow rate was reduced to 10 l/min in order to limit material consumption. LdPEX5 and ldpex5 ⌬269-291 were injected (60 l) in duplicate at concentrations varying from 3.7 to 2700 nM on both AKL peptide and control surfaces. In the case of His 6 -CT-ldpex5, concentrations varying from 11.1 to 8180 nM were injected on the AKL peptide and control surfaces (120 l). For each series of PEX5 injections, five buffer injections were performed before any PEX5 injection, and five additional buffer injections were evenly interspaced between the PEX5 injections. Regeneration was achieved between each injection by two 25-l pulses (100 l/min) of 6 M guanidine hydrochloride (GdnHCl), followed by an EXTRACLEAN procedure and a buffer injection (100 l, 100 l/min) to avoid any GdnHCl carryover.
Biacore data preparation and analysis. Data were prepared by using the double referencing method (45) . For kinetic analysis, the data were globally analyzed by using the SPR evolution software package (54) . For steady-state analysis, the apparent thermodynamic dissociation constants were determined by plotting the control corrected plateau value (response units at equilibrium [plateau] [R eq ]) versus the injected concentration of the various LdPEX5 mutant chains. The experimental data generated with both AKL surfaces were globally fit with a simple interaction model:
, where C is the injected LdPEX5 chain concentration, R max i is the maximum amount of LdPEX5 that can be bound to the ith surface (i ϭ 1, 2), and K d is the thermodynamic dissociation constant of the interaction. The fitting procedure was performed in Microsoft Excel by nonlinear regression with R max i and K d as floating parameters. Based on the R max i values, data from high-and low-loaded surfaces were normalized to be displayed as shown in Fig. 6 .
RESULTS

LdPEX5 oligomerization. Previous studies of PEX5 from
Leishmania sp., human, and Hansenula polymorpha (5, 29, 50) have demonstrated that these receptor proteins form homotetrameric structures. In the human PEX5, the portion of the protein responsible for tetramer formation has been localized to residues 1 to 251 (50) . Using deletion mutants, we have previously demonstrated that oligomerization of LdPEX5 is dependent on domains located in the N-terminal region spanning residues 1 to 391 (NT-ldpex5-His 6 ) (29). However, in contrast to the human PEX5 N-terminal fragment, NT-ldpex5-His 6 formed large oligomeric structures with a mass higher than 2 MDa. To further characterize the sequence elements that control LdPEX5 oligomerization, we dissected this NT-ldpex5-His 6 by examining the quaternary structure of two new recombinant proteins corresponding to residues 1 to 202 (ldpex5 1-202) and residues 203 to 391 (ldpex5 203-391) ( Fig. 1A) .
Analysis of the quaternary structure of these fragments by gel permeation chromatography on a Superdex 200 column revealed that ldpex5 1-202 eluted with an apparent mass of ϳ132 kDa (Fig. 1B) , a finding consistent with this N-terminal fragment forming hexamers since the theoretical mass of this fragment is calculated to be 22.3 kDa. Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) confirmed VOL. 24, 2004 MODULATION OF LdPEX5 OLIGOMERIZATION BY PTS1 7333 that the 132-kDa peak was composed of subunits that migrated with an apparent molecular mass of ϳ25 kDa (Fig. 1B, inset) . The ldpex5 203-391 fragment, which has a calculated molecular mass of 21.7 kDa, eluted with an apparent mass of ϳ52 kDa, which is diagnostic of this fragment forming a dimer (Fig.  1C ). It should be noted that on SDS-PAGE ldpex5 203-391 migrates anomalously, with an apparent mass of ϳ37 kDa (Fig.  1C ). This unusual behavior may be attributed to the acidic nature of this protein which has a calculated pI of 4.3 (29) . A smaller protein fragment corresponding to residues 290 to 391 (ldpex5 290-391), with a calculated mass of 11.9 kDa that migrated on SDS-PAGE with an apparent molecular mass of ϳ12 kDa also formed a dimer that eluted with a mass of ϳ24 kDa (Fig. 1C ). It should be stressed that, although the fragments ldpex5 203-391 and ldpex5 290-391 both contain a single cysteine residue, it is unlikely that dimerization was due to disulfide bond formation since (i) all LdPEX5 proteins were stored in 3 mM DTT after intein cleavage from the chitinbinding domain fusion partner and (ii) the gel permeation chromatography analysis was performed in a mobile phase containing 2 mM DTT. The findings from these mapping studies with various portions of the LdPEX5 protein suggest that the region encompassing residues 1 to 391 contains several oligomerization domains that are important not only for stabilizing the tetrameric structure of the full-length LdPEX5 but also for modulating the LdPEX5 quaternary structure upon binding the PTS-1 ligand. Further in silico analysis of LdPEX5 using the COILS algorithm (37) revealed two putative coiled-coil regions spanning residues 59 to 91 and 277 to 310, respectively. Secondary structure predictions using the GORIV algorithm of Combet et al. (10) also indicated that the two regions have a high propensity for adopting an ␣-helical structure. The first putative coiledcoil region is rich in glutamine and alanine residues, a se-quence that is not consistent with the classical coiled-coil motif. When the weighting option of the COILS program, which gives a more favorable weighting to positions a and d is selected, the probability of this region to adopt a coil structure drops from 85% to Ͻ10%, an indication that this region is probably not a coiled coil (38) . In contrast, the second coiledcoil motif corresponding to the protein sequence DAYVKE MDMAANDVEDWAQEYAEMQERLQKVTNS was predicted with 100% probability with or without the COILS weighting option.
The classical coiled-coil structure consists of a repeating seven-residue heptad unit (denoted by the letter sequence abcdefg) that is stabilized by hydrophobic interactions between Above the amino acid sequence is the designation of the heptad repeats using the abcdefg nomenclature. (B) The hydrophobic core contacts, a7aЈ and d7dЈ for the parallel orientation or the a7dЈ and aЈ7d for the antiparallel arrangement, that stabilize the coiled-coil homodimer packing are illustrated by plotting the primary sequence on helical wheel diagrams. (C) The secondary structure of ldpex5 268-303 was determined by circular dichroism on a JASCO 710 spectropolarimeter with a 0.1-cm cylindrical quartz cuvette. Peptide was dissolved at a concentration of 1 mg/ml in 40 mM sodium phosphate 100 mM NaCl (pH 7.2; dashed line) or 50% trifluoroethanol-40 mM sodium phosphate-100 mM NaCl (pH 7.2; solid line). Spectra represent the average of 10 scans from 200 to 250 nm, and the buffer baseline has been subtracted from each spectra. nonpolar residues at positions a and d in the heptad as the helices wrap around each other forming a left-handed supercoil (58) ( Fig. 2A) . Positions a and d in the LdPEX5 coiled coil are occupied primarily by the bulky hydrophobic residues tryptophan, tyrosine, leucine, valine, and methionine. This creates an amphipathic helix with a hydrophobic face that facilitates a tight helical packing in a knobs-in-holes manner (Fig. 2B) (11) . This coiled-coil is predicted to contain five heptads; however, the first heptad starts in the b register since proline 276, a known helix-disrupting residue, would be placed in the a position. Analysis of this coiled-coil motif on a helical wheel diagram suggested that packing of these coils in either an antiparallel or a parallel conformation was equally possible (Fig. 2B) .
To experimentally assess the in silico prediction, we examined the secondary structure of the peptide ldpex5 268-303, which corresponds to residues 268 to 303 of LdPEX5 (ahg 268 AMTSPENGDPDAYVKEMDMAANDVEDWAQEYA EMQER 303 ; the first three residues [in lowercase letters] were derived from the chitin-binding protein fusion partner), a peptide previously expressed for mapping of the LdPEX5-LdPEX14 interaction domain (Madrid and Jardim, submitted). Spectra of ldpex5 268-303 recorded at 20°C in aqueous solvent at pH 7.2 showed two minima at 208 and 222 nm, bands that are diagnostic of helical structure (Fig. 2C) . The percent helicity calculated by the method of Wu et al. (57) using the ellipticity at 222 nm indicated that in aqueous solutions ldpex5 268-303 was estimated to contain 32% ␣-helix structure. However, this value is likely an underestimation of the helical content since aromatic amino acid side chain absorbance can significantly decrease the ellipticity at 222 nm (33) . It has been estimated that the presence of three aromatic residues, as in the case of ldpex5 268-303, can account for an ϳ20% error in the estimation of the helical content (33) . Moreover, the presence of two proline residues, which are not predicted to be part of the LdPEX5 coiled-coil motif, likely leads to N-terminal fraying of the peptide, giving rise to some random coil structure that may account for this reduction.
The propensity of ldpex5 268-303 to adopt a helical conformation was further examined by measuring the circular dichroism spectra in 50% trifluoroethanol, a solvent that is known to stabilize the helical structure. Under these conditions, the helical content of this peptide is calculated to be 125%. Again, this estimation of helical structure has not been corrected for the aromatic residue side chain absorbance which, in the presence of organic solvents, increases the negative ellipticity at 222 nm, resulting in an overestimation (125%) of helical content of this peptide (34) .
To determine whether the predicted coiled-coil region was important for LdPEX5 tetramer formation, we overexpressed and purified a variant of the LdPEX5 protein, ldpex5 ⌬269-291, which lacks the residues 269 to 291 (Fig. 1A) . This internal deletion removed only two of the five heptads of the coiled-coil motif. This deletion was designed to disrupt the latter coiled coil, while attempting to minimize global structural changes in the ldpex5 structure. Gel permeation analyses of wild-type LdPEX5 and ldpex5 ⌬269-291 revealed that these proteins eluted with apparent molecular masses of ϳ270 and ϳ140 kDa, respectively. These results are consistent with LdPEX5 forming a tetramer and ldpex5 ⌬269-291 being dimeric ( Fig.   3 ), since the calculated molecular masses for the LdPEX5 and ldpex5 ⌬269-291 are 69.7 and 67.5 kDa, respectively.
Analysis of the LPEX5-PTS1 interactions by ITC. Earlier studies with the L. donovani XPRT, a glycosomal enzyme, have demonstrated that LdPEX5 and His 6 -CT-ldpex5, the C-terminal fragment corresponding to the TPR domain, selectively recognize and bind the AKL PTS1 signal of XPRT with nanomolar affinity as determined by ELISA-based (29) or far-Western assays (unpublished data). To further examine the LdPEX5-PTS1 interaction, we decided to use a synthetic peptide corresponding to the C-terminal 26 amino acids of XPRT (AKL peptide). Intact XPRT was not used in ITC or SPR studies since the recombinant protein is known to be tetrameric in solution (unpublished data). It should be noted that the interaction of LdPEX5 with LdXPRT has been previously demonstrated to be dependent on the topogenic signal Ala-Lys-Leu, and removal of these residues results in a complete loss of LdPEX5-LdXPRT association (29) . This quaternary structure may further complicate the analysis and interpretation of the PTS1 signal sequence interaction with LdPEX5 by these biophysical techniques.
To further characterize the LdPEX5-PTS1 interaction, we used ITC to determine the stoichiometry, the number of AKL PTS1 peptide molecules bound to each LdPEX5 subunit, and the K d for the LdPEX5-AKL PTS1, ldpex5 ⌬269-291-AKL PTS1, and His 6 -CT-ldpex5-AKL PTS1 complexes (9, 31) . The with LdPEX5, ldpex5 ⌬269-291, and His 6 -CT-ldpex5 were 354, 292, and 275 nM, respectively (Fig. 4) . The K d value for LdPEX5 is in good agreement with the value previously determined by fluorescence polarization (30) . Moreover, fluorescence polarization experiments revealed that in solution His 6 -CT-ldpex5 bound the fluorescein-labeled AKL PTS1 peptide (30) with a K d value of 204 Ϯ 31 nM (data not shown), further validating our ITC results. For all LdPEX5 variants, the molar ratio of peptide-LdPEX5 subunit was measured to be ϳ1:1. It should be noted that all ITC experiments with the AKL peptide were performed under reducing conditions, and after the titrations the reaction mixtures were analyzed by reversed-phase chromatography to confirm that no disulfide AKL peptide dimers were present (data not shown). The ITC profiles for the binding of AKL PTS1 to all three LdPEX5 variants were comparable regardless of the oligomeric state, which suggests that binding occurs without any major allosteric effect. The absence of cooperativity was further confirmed by Hill plot analysis of the ITC and fluorescence polarization data, which both yielded a linear relationship with a Hill factor of 1.
Effect of PTS1 ligand on LdPEX5 quaternary structure. ITC experiments indicated that LdPEX5 and ldpex5 ⌬269-291 were capable of binding the AKL PTS1 peptide with comparable kinetics and that each LdPEX5 subunit bound a single AKL peptide. This series of experiments, however, did not provide any information on the oligomeric state of the resulting AKL peptide containing complexes. To further characterize the qua-ternary structures of LdPEX5-AKL PTS1 and ldpex5 ⌬269-291-AKL PTS1, these complexes were analyzed by gel permeation chromatography. A comparison of the elution profile of LdPEX5 with the profile of LdPEX5-AKL mixture revealed a shift in the elution of LdPEX5 from a complex with a mass of ϳ270 kDa (tetramer) to a complex with a mass of ϳ140 kDa, a size consistent with the AKL-bound complex being composed of two LdPEX5 subunits (Fig. 5A) . Similar experiments conducted with ldpex5 ⌬269-291 revealed that incubation of this mutant receptor protein with the AKL peptide induced a ldpex5 ⌬269-291 dimer-to-monomer transition (Fig. 5B) .
Analysis of LPEX5-PTS1 interactions by SPR.
To examine the LdPEX5-AKL PTS1 interaction in real-time and to obtain information on the kinetics interaction and dissociation of the LdPEX5 variants binding to the AKL PTS1 ligand, we used an SPR-based biosensor (the Biacore) approach. The AKL synthetic peptide was covalently coupled to the biosensor chip in an oriented manner via the thiol group of the engineered N-terminal cysteine. Binding of LdPEX5 to the AKL peptide was detected as a change in RUs, whereas LdPEX5 was injected at fixed concentrations over the PTS1 and control surfaces in a continuous fashion (the wash-on phase in Biacore terminology). The LdPEX5 solution was then replaced with buffer, and dissociation of LdPEX5:AKL complex was monitored (the wash-off phase). Regeneration of the surfaces, i.e., dissociation of the remaining complexes, was achieved via 6 M GdnHCl injections.
Biacore sensor surfaces from CM4 chips are composed of VOL. 24, 2004 MODULATION OF LdPEX5 OLIGOMERIZATION BY PTS1 7337 long carboxy-methylated dextran chains harboring functional carboxyl group to allow covalent immobilization of ligand to the surface. The flexibility of these dextran chains permits the reconstitution of multimeric complexes in which more than one immobilized molecule can participate in the interaction with its injected partner, giving rise to an avidity phenomena. An example of that situation was given in De Crescenzo et al. (14) . In that study, the authors demonstrated that a single molecule of transforming growth factor ␤ (TGF-␤; a covalent homodimer) can bind to two TGF-␤ type II receptor (T␤RIIED) molecules immobilized on the biosensor surface. The increased binding avidity is due to the multiplicity of contacts between one TGF-␤ molecule and two T␤RIIED receptor domains, which stabilize the complex. This effect is most evident when the dissociation phases of sensorgrams in which T␤RIIED is immobilized on the biosensor and TGF-␤ injected are compared to those in which the TGF-␤ is immobilized and the T␤RIIED is injected. The effect was observed even when a low amount of T␤RIIED was captured, thus demonstrating the high flexibility of the dextran chains. Figure 6 shows sensorgrams control corrected and normalized to arbitrary units corresponding to injections of LdPEX5, ldpex5 ⌬269-291, and His 6 -CT-ldpex5 subunits at 300 nM over the 10 RU-and 100 RU-loaded AKL surfaces. The resulting sensorgrams indicate that LdPEX5, ldpex5 ⌬269-291, and His 6 -CT-ldpex5 subunits bound to AKL peptide with apparently similar association and dissociation rates ( Fig. 6A and B) . This observation strongly suggests that LdPEX5 tetramers and ldpex5 ⌬269-291 dimers dissociate upon AKL binding. Indeed, if both tetrameric and dimeric structures had been preserved after AKL binding, an avidity situation, i.e., LdPEX5 oligomers involved in simultaneous binding to at least two AKL peptides, would have occurred at the biosensor surface. This would have resulted in drastically different dissociation profiles, as reported for TGF-␤-T␤RIIED interaction (14) .
This avidity effect would have also resulted in noticeable changes in the dissociation profiles of LdPEX5 and ldpex5 ⌬269-291 as the AKL surface density is increased since the probability for the multimeric PEX5 complexes to be engaged in more than one interaction with the surface AKL would have increased. However, this was not observed (Fig. 6B) , strongly suggesting that LdPEX5 tetramers and ldpex5 ⌬269-291 dimers dissociate upon AKL binding.
Global analysis trials using a simple model were conducted for each LdPEX5 mutant set of sensorgrams. This approach resulted in poor fits, as monitored by the nonrandom distribu- tion of the residuals (data not shown). This deviation from a simple model is not likely due to "crowding effects" (43), mass transport limitation (13) , or avidity effect (see above) since similar deviations were observed for experimental data sets generated at high flow rate (100 l/min) on both 10 RU-and 100 RU-loaded AKL surfaces (data not shown). This complex mode of binding is, however, consistent with our gel permeation data, which revealed a change in the quaternary structure of LdPEX5 and ldpex5 ⌬269-291 complexes upon AKL binding.
A steady-state analysis approach was used to determine the apparent thermodynamic dissociation constants (K d ) for each LdPEX5-AKL PTS1 interaction. K d values of 140 Ϯ 20, 257 Ϯ 34, and 620 Ϯ 100 nM for LdPEX5, ldpex5 ⌬269-291, and His 6 -CT-ldpex5 were estimated by plotting the control-corrected plateau values for the 10 and 100 RU surfaces as a function of the LdPEX5, ldpex5 ⌬269-291, and His 6 -CT-ldpex5 subunit concentrations (Fig. 6C to E) . These K d values are in good agreement with those obtained by ITC ( Fig. 4 ) and fluorescence polarization techniques (30) ; the slight differences in K d may be attributed to the fact that ITC experiments were performed at 30°C, whereas Biacore experiments were performed at 25°C. The minor twofold difference in the K d values measured for LdPEX5 by using ITC and SPR may be attributed to the fact that the tetrameric structure of LdPEX5 would facilitate accumulation of LdPEX5 at the biosensor surface prior to the dissociation of the tetramer. This view is supported by the complex kinetics observed during the wash-on phase of the sensorgram. Furthermore, the good correlation between results generated on the 10 RU-and 100 RU-loaded AKL surfaces and a single site binding model, in addition to the similarity of the K d values determined for the various LdPEX5 mutants (fourfold difference only between His 6 -CT-ldpex5 and LdPEX5) reinforces our conclusion that an avidity situation did not occur at the biosensor surface.
LdPEX14 alters the LdPEX5-PTS1 interaction affinity. SPR experiments demonstrated that the LdPEX5-AKL PTS1 peptide complex was stable (slow dissociation rate, see Fig. 6A and The addition of LdPEX14 alone to LdXPRT-coated microtiter plates confirmed that these two proteins did not directly interact, since no detectable LdPEX14 binding was observed by using anti-LdPEX14-specific antisera (data not shown).
Control experiments also confirmed that there was no crossreactivity between anti-LdPEX5 antisera with LdXPRT or LdPEX14 proteins. That the shift in the LdPEX5-LdXPRT binding affinity ob-served in the presence of LdPEX14 was not due to a decrease in anti-LdPEX5 antibody binding is supported by control ELISAs performed with LdPEX5 immobilized on microtiter plates. These experiments showed that preincubation of LdPEX5 with LdPEX14 concentrations as high as 4 g/100 l resulted in only ϳ10 to 15% decrease in color development (optical densities at 405 nm of 0.5 or 0.59 in the presence or absence of LdPEX14, respectively), suggesting that association of LdPEX14 with LdPEX5 has a minimal steric effect on the binding of anit-LdPEX5 antibodies. To further validate that LdPEX14 binding to LdPEX5 was responsible for the modulation of the LdPEX5-LdXPRT binding affinity, we performed an additional control experiment with an N-terminal mutant of LdPEX14 that does not bind LdPEX5 (Madrid and Jardim, submitted). These experiments showed that in the presence of high concentrations of this ldpex14 mutant the K d for the LdPEX5-LdXPRT association was ϳ12 nM, which is essentially identical to the affinities measured in the absence of LdPEX14, further confirming that association of LdPEX14 to LdPEX5 dramatically decreases its affinity for PTS-1 ligands. That LdPEX14 induced a comparable modulatory effect on the LdPEX5-LdXPRT and ldpex5 ⌬269-291-LdXPRT interactions suggested that LdPEX14 was capable of binding LdPEX5 and ldpex5 ⌬269-291 with similar affinities. ELISAs confirmed that LdPEX14 bound LdPEX5 and ldpex5 ⌬269-291 with K d values of 14 Ϯ 8 and 23 Ϯ 7 nM, respectively. The K d values measured for the LdPEX5-LdXPRT and ldpex5 ⌬269-291-LdXPRT interactions are in good agreement with previous studies (29) and confirm the ITC and SPR results, i.e., that disruption of the coiled-coil motif does not alter the affinity of AKL PTS1 for LdPEX5. The discrepancy in the binding constants measured for PTS1 peptide and full-length XPRT has been previously reported for other PEX5 proteins (25) . It is possible that these differences are due to additional contacts between the PEX5 receptor and the PTS1-containing protein, which would result in tighter binding. Such a loss of affinity may also result from differences in the conformation of PTS1 peptide versus PTS1 motif within the context of the XPRT protein.
DISCUSSION
LdPEX5 is a critical cytosolic receptor required for the sorting and import of PTS1 proteins into the glycosomal matrix. To gain further insight into the role of LdPEX5 in glycosome biogenesis, we examined the quaternary structure of LdPEX5 and assessed how the binding of PTS1 to this receptor protein modulates its oligomeric state. Previous biochemical studies have demonstrated that the human, yeast, and Leishmania PEX5 proteins form tetramers in the absence of PTS1 (5, 29, 49) . However, the issue of whether the quaternary structure of this receptor plays a significant role in protein targeting has not been previously reported.
In an effort to identify the LdPEX5 regions responsible for its quaternary structure, a computational analysis of the LdPEX5 primary sequence was performed. This in silico approach predicted, with strong probability, the presence of a single coiled-coil motif located in the region corresponding to residues 277 to 310. This putative coiled-coil motif is located immediately upstream of the first TPR repeat (Fig. 1) participates in the formation of the PTS1 binding site (24, 29, 32) . A similar examination of the human, S. cerevisiae, H. polymorpha, and T. brucei PEX5 sequences indicated that these proteins lack a comparable coiled-coil structure. This suggests that LdPEX5 may be structurally and functionally unique from other PEX5 receptors. The importance of this putative coiledcoil motif for LdPEX5 oligomerization was experimentally investigated by examining the quaternary structures of (i) various LdPEX5 deletion mutants and (ii) peptides corresponding to the putative coiled-coil motif (Fig. 2) . Gel permeation chromatography results for ldpex5 ⌬269-291, a deletion mutant, designed to eliminate two of the five predicted heptad units, indicated that the oligomeric state of LdPEX5 changed from tetramer to dimer upon removal of residues 269 to 291 (Fig. 3) . These results are in agreement with the observations that the stability of a coiled-coil interaction is in part related to the length of each helix. Indeed, several studies have demonstrated that decreasing the number of heptad units from five to three can lead to a dramatic loss in affinity from picomolar to high micromolar (13, 53) . Further evidence that amino acids 277 to 310 modulate LdPEX5 oligomerization was provided by the fact that the peptides ldpex5 203-391 and ldpex5 290-391 form dimers (Fig.  1C) . It is interesting that although ldpex5 290-391 only retained a small portion of the predicted coiled coil it still formed a dimeric structure. Examination of the ldpex5 290-391 sequence revealed that this protein still retained two TPRs (residues 323 to 391). The crystal structures of human (24) and T. brucei (32) PEX5 have shown that these TPR motifs form intra-and interhelical contacts that are stabilized by hydrophobic interaction. It is possible that dimerization the ldpex5 290-391 fragment may in part be stabilized by these intermolecular TPR interactions as previously suggested (24, 32) . In the fulllength PEX5 proteins these inter-TPR interactions are important for stabilizing the largely ␣-helical structure that forms the PTS-1 binding pocket (24) . It is unlikely that the putative inter-TPR contacts found in ldpex5 290-391 would be involved in the oligomerization of larger ldpex5 fragments since previous studies have shown that the C-terminal portion of LdPEX5, His 6 -CT-ldpex5, a fragment encompassing amino acids 303 to 625, is known to be monomeric (29) .
Analysis of the coiled-coil motif on a helical wheel diagram (Fig. 2B ) revealed that the helical interface formed by residues at positions a and d, contained predominantly tryptophan, tyrosine, leucine, and methionine. Such clustering of larger nonpolar residues at the hydrophobic core of two-stranded ␣-helical coiled-coils is a thermodynamically favorable factor important for controlling protein folding and stability (35) .
Coiled coils can pack into either (i) a parallel geometry that orients the N termini of the two coil subunits in the same direction, an architecture stabilized by a7aЈ and d7dЈ interhelical contacts, or (ii) an antiparallel geometry that orients the N termini of each coil in opposite directions, a configuration stabilized by a7dЈ and aЈ7d contacts (59) . Examination of the helical diagrams (Fig. 2B) for the LdPEX5 coiled-coil sequence suggests that the parallel and antiparallel packing geometries are both probable, although the antiparallel organization may be slightly favored since several electrostatic interactions and hydrogen bonds involving residues at positions g and gЈ are possible (13) .
Another feature of the LdPEX5 coiled coil is the presence of a centrally located WXXXY/F pentapeptide, a motif that in yeast (6) , mammalian (48) , T. brucei (8) , and plant (40) PEX5 proteins has been demonstrated to be critical for interactions with PEX14 and PEX13. Nuclear magnetic resonance structures of one of the yeast PEX5 WXXXY/F motifs confirmed that this sequence adopted an ␣-helical conformation that placed both aromatic residues on the same helix face, creating an amphipathic structure that is cradled in a hydrophobic cleft upon binding to PEX14 or to the SH3 domain of PEX13 (17) . Surprisingly, even though LdPEX5 contains three such repeats, site-directed mutagenesis, deletion mutagenesis, and biochemical measurements have established that none of these repeats are required for LdPEX14 interaction since manipulations of these sequences do not dramatically alter the LdPEX5-LdPEX14 affinity (Madrid and Jardim, submitted). The results reported here would further argue that the motif 293 WAQEY 297 is not required for LdPEX14 association since the critical aromatic residues are buried within the coiled-coil hydrophobic core. Interestingly, deletion of this coiled-coil motif resulted in an ldpex5 mutant protein that adopted a dimeric structure.
This observation, together with the ITC and gel permeation chromatography findings, demonstrated that the LdPEX5 tetramer is stabilized by two discreet oligomerization domains that have been mapped to the first 391 residues. The first of these domains corresponding to the coiled-coil motif spanning residues 277 to 310 is a region critical for dimer formation, and disruption of this motif, as in the lpdex5 ⌬269-291 mutant, results in this protein adopting a dimeric rather than tetrameric structure in the absence of a PTS1 ligand. The second oligomerization domain is located within the first 202 residues, and expression of the N-terminal mutant ldpex5 1-202 revealed that this protein adopted a hexameric structure. It is plausible that ldpex5 1-202 forms a hexamer rather than a tetrameric state observed with the full-length LdPEX5 because removal of the C-terminal TPR domain eliminated steric hindrances that allow for the formation of a higher-order quaternary complex. These findings contrast with previous studies with the human PEX5 that reported that a single N-terminal region was responsible for tetramer formation (50) . It is the interplay of these two domains that are responsible for homotetrameric structure formed by LdPEX5 and deletion of one or both of these domains results in the mutant LdPEX5 proteins forming dimers or monomers, as is the case for ldpex5 ⌬269-291 and His 6 -CT-ldpex5, respectively.
A novel finding of the present study, one not previously observed with other PEX5 receptor proteins, was the observation that PTS1 ligands induced an oligomeric change in LdPEX5. The binding of AKL PTS1 peptide triggered an LdPEX5 tetramer-to-dimer and an ldpex5 ⌬269-291 dimer-tomonomer dissociation. ITC experiments showed that His 6 -CT-ldpex5, which encompassed only the TPR domain, bound the AKL PTS1 peptide by one-to-one stoichiometry. Furthermore, ITC and SPR studies showed that the affinity for the AKL peptide was not influenced by the initial quaternary structure of LdPEX5 since similar K d values were determined for the LdPEX5, ldpex5 ⌬269-291, and His 6 -CT-ldpex5 mutants (Fig.  4) . This is consistent with the X-ray crystallographic structure of the human PEX5 TPR domain determined by Gatto et al. VOL. 24, 2004 MODULATION OF LdPEX5 OLIGOMERIZATION BY PTS1 7341 (24) , which showed a single PTS1 peptide bound within a groove formed by the TPR helical hairpin clusters. Although LdPEX5 is tetrameric, each subunit appears to function independently since no apparent cooperative effects for PTS1 binding were detected in ITC, fluorescence polarization (29), or SPR experiments ( Fig. 4 and 6) . Hill plot analysis of the ITC and fluorescence polarization data further confirmed the absence of cooperativity since these plots were linear with a Hill constant of 1. Recently, it has been reported that H. polymorpha PEX5 also undergoes quaternary structural cycling from a tetramer to monomer during the process of delivering PTS1 ligands to the peroxisomal matrix. In contrast to LdPEX5, HpPEX5 does not dissociate on binding PTS1, but rather the transition from a tetramer to a monomer is triggered by binding the intraperoxisomal protein HpPEX8 (56) to form a HpPEX5-HpPEX8 heterodimer that does not bind PTS1. Boteva et al. (5) have also suggested that dissociation may also occur in response to a shift in environmental pH from 7.2 to 6.0 (5) . The SPR studies also revealed that, in spite of the tetrameric and dimeric oligomerization state of LdPEX5 and ldpex5 ⌬269-291, respectively, no avidity effects were observed regardless of the AKL peptide loading on the biosensor surface, suggesting that the tetrameric and dimeric structures of these proteins are rapidly disrupted upon AKL peptide binding ( Fig. 6 ).
On the basis of the structural and biophysical data, two models for the LdPEX5 tetrameric structure are proposed ( Fig. 8) , in which the coiled-coil motif has an antiparallel or a parallel orientation. In the model with antiparallel orientation, the TPR domain, containing the PTS1-binding pocket, packs adjacent to and is proposed to form intermolecular contacts with the N-terminal domain of the neighboring LdPEX5 subunit and binding of PTS1 would disrupt these intermolecular interaction between the N-and C-terminal regions resulting in tetramer dissociation (Fig. 8, model a) . In the model where the coiled-coil has parallel organization, the N termini of two LdPEX5 subunits are arranged in a head-to-head orientation that is stabilized by the interhelical hydrophobic interaction of the coiled-coil to form a dimeric structure. It is possible that this dimer may also be stabilized by addition of intersubunit protein-protein contacts formed between the N-terminal, as well as the C-terminal regions (Fig. 8, model b ). In this model the stabilization of the LdPEX5 tetramer (dimer-of-dimers) involves primarily contacts between the oligomerization domains within residues 1 to 202.
Both models (Fig. 8 ) imply that binding of PTS1 to the C-terminal TPR domain transduces a structural change that FIG. 8 . Models of the LdPEX5 quaternary structure. The diagram illustrates the possible quaternary architecture of the wild-type LdPEX5 and ldpex5 ⌬269-291 recombinant proteins. In the absence of a PTS1 ligand, LdPEX5 is a tetramer composed of a dimer of dimers. Each dimer is stabilized by a coiled-coil interaction that has either an antiparallel (a) or a parallel (b) organization. The tetrameric structure is stabilized by contacts involving an oligomerization motif located in the N-terminal region between residues 1 and 202. The mutant ldpex5 ⌬269-291, which has a disrupted coiled-coil motif, forms a dimer in the absence of PTS1. In the presence of PTS1 synthetic peptide, LdPEX5 undergoes a tetramer-to-dimer dissociation, and ldpex5 ⌬269-291 dissociates from a dimer to a monomer. It is hypothesized that binding of PTS1 to the C-terminal TPR domain transduces a structural signal to the N-terminal domain that leads to oligomer dissociation.
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alters the LdPEX5 protein-protein interaction, in turn leading to oligomer dissociation. This hypothesis is in agreement with our SPR results indicating that the AKL peptide-His 6 -CT-ldpex5 interaction deviates from a simple kinetic model. Such a deviation is not likely to be due to nonoptimized experimental conditions since we used an oriented approach to immobilize the AKL peptide and since experiments were performed at high flow rate and low ligand densities to eliminate any crowding and mass transport limitation effects. In the light of our other results, such a deviation may be due to a kinetically limiting conformational change. However, whether this putative conformational change alters intramolecular or intermolecular LdPEX5 contacts is unknown. Further experiments are needed to address this issue.
It should be noted that the partial deletion introduced into ldpex5 ⌬269-291 did not appear to significantly alter the global architecture of the N-and C-terminal domains (29) since functional assays showed that this mutant protein was capable of binding PTS1 ligands and LdPEX14 with affinities comparable to that of the wild-type LdPEX5. These findings are consistent with the fact that ldpex5 ⌬269-291 still adopts a dimeric structure and dissociates into monomers upon AKL peptide binding. Implicit in this model is the suggestion that PTS1-laden LdPEX5 binds the glycosomal membrane-associated protein LdPEX14 as dimer and, once the PTS1 cargo is unloaded, LdPEX5 cycles back into the cytosol as tetramer in accordance with proposed PEX5 recycling models (12, 16) . Dissociation of the LdPEX5 tetramer may expose additional contacts on LdPEX5 needed for enhanced LdPEX14 interaction or other uncharacterized components of the glycosome protein translocation machinery. Moreover, it is likely that the LdPEX5 tetramer-dimer interchange may provide a mechanism that regulates the interaction of LdPEX5 with membrane-associated LdPEX14. Such a regulatory mechanism would be important for maintaining the glycosomal PTS1 matrix protein import efficiency by preventing LdPEX5 devoid of a PTS1 cargo from forming a permanent association with the LdPEX14 docking complex on the glycosomal membrane. Alternatively, the dimeric form of LdPEX5 may expose hidden interaction domains that would permit other peroxins to bind and facilitate the release of LdPEX5 from LdPEX14, allowing the LdPEX5 tetramer form prior to recycling this receptor back into the cytosolic pool. Although PTS1 has not been previously demonstrated to alter the quaternary structure of other PEX5 receptors, it is known to modulate association of PEX5 with PEX13 and PEX14 (44, 50, 55) . Whether the shuffling of the PEX5-PTS1 complex from PEX14 to PEX13 is important for the unloading of the protein cargo is unclear.
In Leishmania, experiments that mimic the glycosomal docking event showed that binding of the LdPEX5-PTS1 complex to LdPEX14 caused a 10-fold decrease in LdPEX5-PTS1 interaction affinity. This suggests that the LdPEX5-LdPEX14 contact may trigger PTS1 unloading, but whether this occurs at the cytosolic face of the glycosomal membrane or in the glycosomal matrix is unknown. SPR studies have demonstrated that the LdPEX5-PTS1 complex is extremely stable. This tight interaction is essential for effective sorting and trafficking of PTS1 matrix proteins from the cytosolic polyribosome to the glycosomal surface. However, once the LdPEX5-PTS1 com-plexes have reached their glycosomal destination, disruption of this tight interaction is necessary to facilitate unloading of the PTS1 cargo by binding to LdPEX14. It should be noted here that, unlike yeast and mammalian PEX14 proteins, which are integral peroxisome membrane proteins, LdPEX14 is a soluble protein that peripherally associates with glycosomal membrane (30) . Wang et al. (56) have documented that release of PTS1 from H. polymorpha PEX5 is induced by formation of the HpPEX5-HpPEX8 heterodimeric complex in the peroxisome matrix.
In the present study we report that the mechanism for the delivery of the PTS1 protein may involve quaternary structural changes of the PEX5 receptor, which in turn influences the binding affinity of PEX5 for the PTS1 protein as the complex moves from the cytosol to the glycosomal membrane and interacts with PEX14.
